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ABSTRACT
We present GTC-10.4m spectroscopy and multi-band photometry of the faint (r∼ 26)
optical counterpart of the anomalous X-ray pulsar 4U 0142+61. The 5000–9000 A˚
spectrum – the first obtained for a magnetar – is featureless, allowing us to set an
equivalent width upper limit EW < 25 A˚ to the presence of emission lines in the Hα
region. Multi-band photometry in the g,r,i,z SDSS bands obtained at different epochs
over 12 years shows no significant variability from minutes-to-years time scales. The
photometry has been calibrated, for the first time, against the SDSS itself, resulting
in solid upper limits to variability ranging from ∼ 0.2 mag in i (over 12 years) to 0.05
mag in z (over 1.5 years). The shape of the optical + near-infrared (literature values)
spectral energy distribution is not well constrained due to the high extinction along
the line of sight. Using a Markov Chain Monte Carlo analysis we find that it can be
described by a power-law with a spectral index β =−0.7±0.5 and E(B−V) = 1.5±0.4.
We also discuss on the implications of adding hard X-ray flux values from literature
to the spectral fitting.
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1 INTRODUCTION
The so-called magnetars are isolated neutron stars with
dipole magnetic fields in the range 1013–1015 G, as in-
ferred from their spin periods and spin derivatives. Such
strong fields are believed to power their X-ray and soft γ-ray
emission (Duncan & Thompson 1992; Thompson & Duncan
1993), which is also characterized by (X-ray) pulsations
and occasional bursts. Magnetar-like activity is associated
with two different groups of objects, Soft Gamma Rea-
peaters (SGRs) and Annomalous X-ray pulsars (AXPs).
SGRs were discovered in 1979 as high-energy transient
sources (Mazets & Golenetskii 1981) which, in some cases,
can also be detected as persistent X-ray pulsars. By con-
trast, AXPs were firstly detected as pulsars in soft X-rays
with no optical counterpars (Fahlman & Gregory 1981). Al-
though some of the differences between these two groups are
still not well understood, the common observed properties
suggest that AXPs and SGRs are two flavours of the same
population of objects. Magnetars are slow rotators with spin
periods in the range 2–12 s, but with relatively large period
derivatives ( ˙P ∼ 10−13 – 10−10 s s−1 ) pointing to ages be-
tween 103–104 years (see Mereghetti, Pons & Melatos 2015
for a review).
Alternative models have also been proposed to explain
the global properties of magnetars. In particular, the so-
called fossil disc model advocates for the presence of a cold,
accretion disc, possibly generated after the supernova ex-
plosion. The combination of accretion and magnetic fields
in the upper range of those observed in normal pulsars
(a few 1013 G) could, in principle, explain both the per-
sistent pulsed X-ray emission and the fast spin-down (e.g.
Chatterjee, Hernquist & Narayan 2000).
AXP 4U 0142+61 (hereafter AXP0142) was discov-
ered by the Uhuru X-ray observatory (Giacconi et al. 1972;
Forman et al. 1978). A 8.7s pulsation was found two decades
later by Israel et al. (1994). As generally observed in AXPs,
the soft X-rays spectrum (0.5–10 keV) of AXP0142 can be
modelled by a strong thermal component with κT ≈ 0.4 keV,
probably associated with the neutron star surface, and a very
steep power-law with photon index Γsoft ≈ 3–4 (or, alterna-
tively, an additional black body component). On the other
hand, hard X-rays (e.g. 10–200 keV) can be modelled by a
single and much flatter power-law with Γhard ≈ 0.6–1.2 (see
c© 2016 The Authors
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Table 1. Spectroscopy of AXP 4U 0142+61
Date Grism Seeing Exposure time
2011-11-28 R300R 0.9′′ 2×2400 s
2011-11-30 R300R 0.9′′ 2×2400 s
2011-12-26 R300R 0.9′′ 2×2400 s
2011-12-27 R300R 0.9′′ 3×2400 s
2011-12-28 R300R 1.1′′ 3×2400 s
2012-01-15 R300R 0.9′′ 1×2400 s
Combined R300R 13×2400 s
Rea et al. 2007a,b; den Hartog et al. 2007, 2008 for X-ray
studies).
The discovery of the faint optical counterpart of
AXP0142 by Hulleman et al. (2000), opened a new window
to test the different emission mechanisms in this system and
in AXPs in general. The counterpart has been also detected
in the J, H, K near infrared bands (nIR; Hulleman et al.
2004) and in the mid-infrared (4.5 and 8 µm; mIR) with
the Spitzer Space Telescope (Wang et al. 2006). The midIR
emission is interpreted as arising from a disc around the
central neutron star, which has been suggested to be either
truncated and passive (Wang et al. 2006) or a gaseous vis-
cously heated accretion disc, thereby contributing to the to-
tal radiative power (Ertan et al. 2007).
Important clues can be derived from the evolution of
the pulsed fraction (Pfrac) as a function of the energy range.
This is defined as Pfrac = (Fmax−Fmin)/(Fmax +Fmin), where
Fmax and Fmin are the maximum and minimum fluxes ob-
served during a pulse period, respectively. In soft X-rays,
Pfrac increases from less than ∼ 5% at 0.5–2 keV to at least
∼ 15% at ∼ 8 keV (Rea et al. 2007a). Pfrac is observed to be
in the range ∼ 20%–40% up to 100 keV (den Hartog et al.
2008; Tendulkar et al. 2015). Interestingly, a similar Pfrac is
found in the optical (27+8
−6% Kern & Martin 2002; 29± 8%
Dhillon et al. 2005).
In this letter, we present what is, to the best of our
knowledge, the first optical spectrum of AXP0142, and for
extension of a magnetar. We also report an accurate descrip-
tion of the spectral energy distribution (SED) in the optical,
including strong constraints to the presence of variability in
time scales from minutes to years. Finally, we discuss the
broad band SED by considering hard X-ray and nIR data
from the literature.
2 OBSERVATIONS AND RESULTS
2.1 Spectroscopy
Spectroscopy was performed in six epochs between Novem-
ber 2011 and January 2012 using OSIRIS (Cepa et al. 2000)
at the 10.4m GTC telescope (see Tab. 1). We took 13 expo-
sures of 2400 s for a total of 8.7 h on target, with seeing in
the range 0.9–1.1′′. Observations were carried out with the
R300R grism, which covers the 4800–10000 A˚ spectral range
with a resolution power of ∼350. Following standard proce-
dures – bias, response, and flux calibration against spec-
trophotometric standard stars – we reduced every separate
epoch by using a self-made pipeline and IRAF routines. This
Figure 1. Optical spectrum of AXP 4U 0142+61. The spectrum
of the source is plotted in red and the spectrum of errors in blue.
Photometric values are over-plotted as blue dotes. Fluxes have
been corrected for extinction using the mean value from the op-
tical and infrared fit (E(B−V ) = 1.5; see text).
yielded a series of 2D flux calibrated spectra that were subse-
quently background corrected, averaged (including a cosmic
rejection filter), and stacked to produce the final 1D spec-
trum (see Fig. 1). We detect continuum above ∼5200 A˚ and
no emission lines. We computed 3σ limits to the presence of
lines assuming an unresolved line profile (< 850 km s−1). As
an example, we obtain an Hα flux limit of 4×10−19 erg s−1
cm−2, corresponding to an equivalent width of 25 A˚. For a
line breadth of 1500 km s−1 the limit would be 8× 10−19
erg s−1 cm−2 or an equivalent width of 47 A˚.
2.2 Photometry
GTC+OSIRIS photometry in the g, r, i, z Sloan Digital Sky
Survey (SDSS) bands was performed in 9 different epochs
spread over 3 years (see Tab. 2). For absolute flux calibration
we used the SDSS reference stars marked in Fig. 2 and the
magnitudes indicated in Tab. 3. We also include the 2002
observations presented in Dhillon et al. (2005), which were
re-calibrated using the same standard stars.
Our i-band photometry is stable within 0.2 mag and,
therefore, no significant variability is observed over a 11
year baseline between 2002 and 2013. The g-band obser-
vations, obtained within the same time interval, are also
consistent, even though they have larger errors. Observa-
tions in the z-band within a time span of 1.5 years (January
2012 to August 2013) give consistent results with very lit-
tle dispersion (< 0.05 mag). We note that this is the first
study using SDSS bands calibrated against the SDSS sur-
vey. The absence of significant variability (e.g. < 0.05 mag
in z) is at odds with previous claims (e.g. Hulleman et al.
2004; Durant & van Kerkwijk 2006, see section 3).
It is worth noting that the observation of 12th January 2012
was obtained 8.51 hr after a γ-ray flare, indicating that the
high-energy activity has a negligible impact on the long-term
optical emission.
2.3 The spectral energy distribution
In this section we aim at fitting the SED of AXP0142 us-
ing simple empirical models. One of the main problems to
MNRAS 000, 1–5 (2016)
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Table 2. Photometry of AXP 4U 0142+61. The data were ob-
tained with the OSIRIS camera on the 10.4m GTC, with the
exception of the 2002 observations (marked with a *), which were
obtained by Dhillon et al. (2005) but re-calibrated for a consistent
photometry. Where significant, the zero point errors are indicated
in brackets.
Date Filter Exposure Magnitude
2002-09-12* g 27.4± 0.5
2002-09-12* i 24.59± 0.19
2010-07-16 i 120 s 24.67± 0.24
2011-11-28 i 90 s 24.49± 0.33
2011-12-26 i 180 s 24.58± 0.25
2012-01-12 z 6×90 s 23.75± 0.05(0.23)
2012-01-15 i 60 s 24.48± 0.33
2013-08-09 g 12×200 s 27.37±0.25(0.58)
2013-08-09 r 10×200 s 25.79±0.07(0.26)
2013-08-09 i 10×150 s 24.55±0.05(0.22)
2013-08-09 z 10×90 s 23.76±0.07(0.28)
address during the fitting process is the high interstellar
extinction along the line of sight (Milky Way extinction
is expected to be ∼ 3.5 mag in the V band). In particu-
lar, when fitting the simplest and most standard model, a
power-law in the frequency domain (Fν ∼ νβ ), the value of
the extinction is highly degenerated with the spectral index
β . In order to properly estimate the uncertainties associ-
ated with both the extinction E(B−V) and β , we used the
code emcee (Foreman-Mackey et al. 2013), which fits mod-
els to data by using a Markov Chain Monte Carlo (MCMC)
analysis. We maximized the likelihood function correspond-
ing to a χ2 distribution, also including the corresponding
band widths. In a first step, we used the set of g,r,i,z magni-
tudes (considering both photometry and zero point errors)
taken on 2013-08-09 together with nIR fluxes J=21.97±0.16,
H=20.66± 0.12, Ks = 19.96± 0.07 taken on 2004-11-02 with
Gemini+NIRI (Hulleman et al. 2004, see section 3). We con-
verted these values to the AB system and performed the fit
to Fν = Knνβ in the log-space, where Kn is a normalization
variable (see Fig. 3). The fit also includes an extinction term,
Aλ = Rλ ∗E(B−V ) where E(B−V) is left variable and the values
Rλ are fixed to those empirically determined by Yuan et al.
(2013) for the SDSS and nIR bands. We obtain β =−0.7±0.5
and E(B−V) = 1.5± 0.4. We quote errors using the 16% and
84% percentiles of the MCMC equilibrium distribution. Re-
sults are correlated in such a way that lower β values (i.e.
more negative) require lower E(B−V). By applying the stan-
dard law RV = 3.1 we obtain AV in the range 3.1 – 5.9. On the
other hand, the obtained β is equivalent to a photon index
(Γ = −β + 1) in the range 1.2–2.2 . We find that these so-
lutions adequately reproduce the data, our best estimation
corresponding to χ2red=0.6.
In a second step we expanded the SED by adding
the hard power-law X-ray flux inferred from the INTE-
GRAL (2.9±0.1×10−7 Jy in 20–150 keV; den Hartog et al.
2008), Suzaku (3.0±0.3×10−7 Jy in 15–60 keV; Enoto et al.
2011) and NuStar (6.3 ± 1.1 × 10−7 Jy in 0.5–79 keV;
Tendulkar et al. 2015; within this band we have included
only the flux associated with the hard power-law compo-
nent) X-ray telescopes. This was done to test a possible sce-
Table 3. Photometric reference stars in the field of AXP
4U 0142+61, obtained from the Sloan Digital Sky Survey
(DR12). The coordinates of the object are (J2000.0): 01:46:22.44,
+61:45:03.3.
Star g-band r-band i-band z-band
1 — 21.89±0.11 20.66±0.05 20.00±0.09
2 — 22.69±0.20 21.46±0.10 20.83±0.17
3 — 22.37±0.17 21.90±0.15 20.25±0.12
4 23.68±0.30 21.23±0.06 20.18±0.03 19.63±0.06
5 — 21.98±0.15 20.85±0.08 20.03±0.12
6 20.98±0.03 19.32±0.01 18.45±0.01 17.88±0.02
7 — 22.79±0.26 21.06±0.08 20.32±0.13
8 21.94±0.07 20.14±0.02 19.17±0.02 18.45±0.03
9 — 22.00±0.11 20.54±0.05 19.68±0.07
10 23.29±0.27 21.34±0.08 20.29±0.04 19.57±0.07
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Figure 2. i-band image of AXP obtained from GTC in August
2013. The field of view is 80′′×60′′.
nario where the three energy bands (hard X-rays, optical
and nIR), which are all highly pulsed (at least the former
two), would arise from the same spectral component. Soft
X-rays and mid-Infrared data were excluded from the initial
fit. In the former case, the spectral analysis together with the
low pulsed fraction point towards an extra contribution from
the NS surface. Similarly, the excess found by Wang et al.
(2006) in the mid-Infrared has been proposed to be associ-
ated with an extra disc component. Applying the same fit-
ting technique we now obtain β =−0.33±0.01 (Γ∼1.3) and
E(B−V) = 1.74±0.10 (AV ∼ 5.1 – 5.7). We note that given the
large separation in frequency between the OIR and the hard
X-rays, β is fully consistent and similarly well constrained if
we exclude any of the hard X-ray fluxes from the fit. For in-
stance, by only using INTEGRAL and SUZAKU we obtain
β =−0.33±0.01 and E(B−V) = 1.76±0.10.
In a third step we also added the mIR fluxes reported
by Wang et al. 2006 to the SED. We did not find a good
power-law fit for any of the above two cases (i.e. consider-
ing/excluding the hard X-ray flux). This is consistent with
the presence of an extra component in the mIR. Fixing a
black body component to a given TBB temperature and cor-
recting the OIR fluxes from its contribution we only find
MNRAS 000, 1–5 (2016)
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good fits for TBB ∼< 700K. This TBB is low enough to avoid a
strong contribution of the black body to the nIR flux.
3 DISCUSSION
We have presented the first optical spectrum ever taken
of a magnetar. AXP0142, with r ∼ 26, is very challeng-
ing even for a 10m class telescope, but we are still able
to detect continuum signal throughout the spectral range
5200–10000 A˚. The spectrum is featureless and, as an ex-
ample, we set an upper limit to any possible emission
line in the Hα region of EW > 25 A˚. The spectrum is
well matched by the optical photometry, which we find to
be non-variable across time-scales from minutes to years.
Our variability upper limits range from 0.2–0.3 mag in the
bluer and more extinguished bands to ∼ 0.05 mag in z.
The two z time series taken 18 months apart (see Tab. 2)
strongly advocate for a non-variable optical counterpart be-
sides the pulsing activity. This contradicts previous variabil-
ity claims by Durant & van Kerkwijk (2006), who collected
data presented by different groups and taken with different
instruments. Our measurements have been obtained with
the same telescope (GTC-10.4m) and instrument (OSIRIS),
were taken in the SDSS bands, and are (for the first time)
calibrated against the SDSS itself. These results show the
importance of performing self-consistent measurements, es-
pecially when dealing with objects that are (very) faint and
have strong colours such as AXP0142.
Hulleman et al. (2004) reported the detection of nIR
variability. We are not able to test this scenario but we note
that calibration might also be an issue here. Indeed, if we
only consider the four Ks measurements taken by the same
facility (Gemini+NIRI) across 2 years, fluxes are consistent
within ∼ 0.1 mag (see table 1 in Durant & van Kerkwijk
2006). Also, our most constraining measurement come from
the nearby z band at λe f f = 9134 A˚. Nevertheless, two
Subaru+IRCS measurements in K′ band taken on con-
secutive nights are reported to differ by 0.60± 0.11 mag
(Durant & van Kerkwijk 2006), and nIR variability has also
been suggested for other quiescent magnetars (Tam et al.
2004; Testa et al. 2008). Overall, given that optical variabil-
ity and emission lines are typical signatures of accretion onto
compact objects, our results disfavour any significant con-
tribution from a tentative accretion disc to the optical emis-
sion. We find that the OIR SED can be reproduced by a
simple power-law model Fν ∝ νβ , with β = −0.7± 0.5. Our
self-consistent data do not require of any spectral break be-
tween the B (λe f f = 4420 A˚) and V (λe f f = 5400 A˚) bands,
as suggested by Hulleman et al. (2004). Indeed, our g band
(λe f f = 4723 A˚) magnitude is well matched by the power-
law fit. Extending the fit by adding hard X-ray measure-
ments results in β = −0.33± 0.01 (Γ ∼1.3). In both cases,
the extinction values are consistent with previous determi-
nations (2.6
∼
< AV ∼< 5.1; Hulleman et al. 2004). The hard
X-ray emission, as observed by INTEGRAL, Suzaku and
NuStar, is well modelled by a power-law component with
Γhard = 0.93±0.06,0.89±0.11,0.75±0.05, respectively. These
constraints are a few standard deviations away from Γ=1.3
obtained when jointly fitting nIR, optical and hard X-ray
fluxes. Nevertheless, we note that the Γhard values derived
by the different X-ray observatories are only marginally con-
Figure 3. Power-law fit (Fν ∼ νβ ; green solid line) to the optical
and infrared data (dots). Empty circles correspond to (observed)
fluxes prior to correcting from extinction (E(B−V ) = 1.5). The spec-
trum from Fig. 1 is plotted as a red solid line. Note that both the
spectral index (β) and E(B−V ) have large associated errors (see
text). In the plot we have used the mean values for clarity.
sistent between them, and even INTEGRAL observations
taken at different epochs provide Γhard values in the range
0.79± 0.10 – 1.21± 0.16 (although there is not statistical
evidence of variability; den Hartog et al. 2008). The above
suggests that a spectral model more complex than a sim-
ple power-law is probably required to properly describe the
broad band SED of AXP0142.
Theoretical studies (Beloborodov & Thompson 2007)
propose curvature emission as the origin of the optical and
nIR emission from magnetars. In this scenario, a spectral
break between the high energies and this spectral regime
would be expected. If this is the case, our results suggest
that this break occurs at wavelengths shorter than ∼ 5000
A˚. More observations (e.g. nIR monitoring and timing) and
detailed analysis (e.g. full broad band fitting) are necessary
to further constrain the origin of the low-frequency emission
from magnetars.
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